The photoconductivity of GaAs structures δ-doped by Sn has been investigated as function of wavelength (λ= 650-1200 nm) in the temperature interval T= 4.2-300 K. High-field magnetotransport experiments have been carried out in order to determine the electron densities and mobilities before and after illumination. For the heavily doped structures (n H > 2×10 13 cm -2 ) we observe under illumination by light with wavelenghts larger than the band-gap wavelength of the host material (λ= 815 nm at T= 4.2 K) first positive (PPPC) and then negative (NPPC) persistent photoconductivity. The NPPC is attributed to the ionisation of DX centres and PPPC is explained by the excitation of electrons from Cr impurity states in the substrate. For λ< 815 nm in addition the excitation of electron over the band gap of GaAs contributes to the PPPC. For the lightly doped structures (n H < 2×10 13 cm -2 ) the photoconductivity effect is always positive.
I. Introduction
In many semiconductor structures persistent photoconductivity can be generated by illumination at low temperatures. Persistent, in this respect, refers to long carrier lifetimes, due to a strong reduction of the recombination rate of electrons and holes. Above a certain threshold temperature persistent photoconductivity vanishes and equilibrium is restored. The sign of the persistent photoconductivity effect is determined by the change of both the electron density and mobility under illumination. Positive persistent photoconductivity (PPPC) results when the electron density and mobility both increase, while negative persistent photoconductivity (NPPC) results when the electron density and mobility both decrease or when the electron density increases and the mobility decreases. We here report on photoconductivity of a series of Sn δ-doped GaAs structures. We show that positive, as well as negative, persistent photoconductivity can be generated, depending on the electron density and the wavelength of the incident light.
An appealing route to achieve narrow doping profiles in semiconductors is by embedding a δ-doped impurity layer 1 in the structure by means of molecular beam epitaxy (MBE).
Ideally, a δ-doped layer consists of a dopant monolayer, but due to diffusion and segregation phenomena the dopants tend to move away from the doping plane, which results in a broadening of the dopant layer. The charge carriers released from the dopants in the δ-layer are confined by the potential well induced by the ionised dopant atoms and may form a twodimensional electron gas (2DEG). An attractive property of δ-doped systems is the ability to achieve high carrier concentrations. The samples used in the present investigation are Sn δ-doped GaAs structures. Sn is not often used as δ-dopant, because of its ability to segregate to the surface during the MBE growth process. However, it has been shown that growth at a relatively low substrate temperature (~ 450°) limits the segregation kinetics, which opens up the possibility to use Sn as δ-dopant. An advantage is that Sn is less amphoteric compared to Si, which is frequently used as δ-dopant. This brings higher carrier concentrations within reach.
We have investigated photoconductivity effects in two sets of Sn δ-doped GaAs structures. The first set of structures was grown on singular GaAs substrates with design Sn doping densities ranging from 10 12 to 10 14 cm -2 . These structures have been characterized by magnetotransport experiments, notably by the Hall effect and Shubnikov-de Haas (SdH) oscillations, and the results have been reported in Ref. 2 . The Hall data show a maximum carrier density of ~8x10 13 cm -2 , while the SdH data reveal the population of multiple subbands. The experimental results are in good agreement with bandstructure calculations. The width of the doping layer was estimated at 160-340 Å. For the sample with the highest electron density (~8x10 13 cm -2 ) the bandstructure calculations showed that the conduction band at the L point is populated as well. A second series of Sn δ-doped structures was grown on vicinal (001) GaAs substrates tilted by 3º towards the [-110] direction. The electron density in these structures, as calculated from the Hall constant, ranged from 0.6 to 4x10 13 cm -2 . These samples were grown with the purpose to prepare an array of quantum wires. The idea is that Sn during deposition on the terraces (width 5.4 nm) accumulates at the step edges, because of its relatively high segregation velocity 3 , and thus forms quasi-one dimensional channels. Indeed, effects of a reduced dimensionality have been observed in the magnetotransport properties 4, 5 . The anisotropy in the resistance amounted to R ⊥ /R ||~1 .5 at 4.2 K for a current perpendicular to and along the step edges for a sample with an electron density of 8x10 12 cm -2 . The observed anisotropy is, however, not reflected in the photoconductivity.
In many III-V semiconductors PPPC is caused by deep donor levels. These deep donor levels (DX centres) represent the most intensively studied class of defects in semiconductors, because of their considerable technological importance as well as their interesting physical properties 6 . An important DX centre is, for example, the deep donor level of Si in Al x Ga 1-x As. In Al x Ga 1-x As structures with x> 0.22 the DX centre is the lowest energy state of the Si donor atom. The DX centre can be optically ionised, which results at low temperatures in persistent photoconductivity, due to the large capture energy barrier. This metastable character of the DX centre is attributed to a lattice relaxation 7 process with one 8, 9 or two 10 trapped electrons. In the case of doped GaAs structures one normally needs to apply pressure in order to populate the DX centre. The pressure required is lower for samples with a higher doping concentration, due to the higher Fermi energy 11 . However, for a sample with a very high doping concentration Maude et al. 11 reported the occupation of the DX centre already at zero pressure. Also in heavily Si δ-doped GaAs PPPC has been observed and attributed to the occupation of the DX centre 12 . In our heavily Sn doped GaAs structures we observe NPPC, of which is also interpreted in terms of the occupation of DX centres.
On the other hand, positive photoconductivity is frequently attributed to spatial charge separation after the creation of electron-hole pairs, in which case the recombination process has a non exponential time dependence 13 . The persistency of this photoconductivity effect might be questionable, because the recombination times can be much smaller than the recombination times associated with the DX centre. On the other hand photoconductivity due to ionisation of the DX centre can show the same time dependence caused by electronimpurity tunnelling 14 . Wavelength dependent excitation experiments can discriminate between both origins of PPPC.
The opposite effect, NPPC, characterized by a decrease in carrier density and mobility, has been reported for various semiconductor structures. In a GaAs heterojunction with a GaAsAlAs superlattice grown on top Prasad et al. 15 observed NPPC after the sample was illuminated with an InGaAs light emitting diode (LED). A model assuming the existence of acceptor-like traps in the superlattice and donor-like traps in the GaAs buffer layer was proposed to explain the NPPC. In Si δ-doped GaAs de Oliveira et al. 16 reported a competition between negative and positive photoconductivity effects. This was attributed to the presence of two distinct conduction channels in the sample, one with n-type characteristics and the other with p-type characteristics. Finally, in n-type selectively doped AlGaAs/GaAs heterojunctions NPPC was observed in combination with a decrease in mobility and a strong increase in density 17 .
II. Sample preparation and experimental techniques
The GaAs (δ-Sn) structures were grown by molecular-beam epitaxy. A first set of samples was grown on singular semi-insulating GaAs{Cr} (001) substrates. On the substrate a buffer layer of GaAs with thickness 240 nm was grown. At a temperature of ~450 °C a Sn layer was deposited in the presence of an arsenic flux. The structures were covered by a i-GaAs layer (thickness 40 nm) and a contact layer n-GaAs (thickness 20 nm) with a Si doping concentration, n Si = 1.5×10 18 cm -3 . The design doping density of Sn in the δ-layer, n D , smoothly varied between 2.9×10 12 and 2.5×10 14 cm -2 . A second set of samples was grown on vicinal semi-insulating GaAs{Cr} (001) substrates with a misorientation angle of 3° towards the [-110 ] direction. For a misorientation angle of 3° the distance between the step edges (which run along [110]) is 5.4 nm. On the substrate first a buffer layer (thickness 450 nm) was grown in the step-flow mode. Then a Sn layer was deposited at a temperature of ~450 °C in the presence of an arsenic flux. The structure was covered by an i-GaAs layer (thickness 35 nm) and a Si-doped GaAs cap layer (n Si = 2×10 18 cm -3 , thickness 15 nm). The design doping density of Sn in the δ-layer varied between 2.5×10 12 and 1×10 14 cm -2 . From the wafers Hall bars were fabricated for magnetotransport experiments with, in case of the vicinal substrates, the current (I) channel along (|| configuration, i.e. I || [1,1,0]) and perpendicular (⊥ configuration, i.e. I || [-1,1,0]) to the step edges. In this paper we only report the results for the || configuration as we did not observe a significant difference in the photoconductivity for the || and ⊥ configurations.
The temperature dependence of the longitudinal resistivity, ρ xx (T), was measured in the temperature range 4.2-300 K. Magnetotransport experiments were carried out in the temperature range 0.4-12 K using a standard four point method, with a typical excitation current of 1-10 µA. The Hall resistivity ρ xy (B) and the magnetoresistance, ∆ρ xx = ρ xx (B)-ρ xx (0), were measured in magnetic fields up to 32 T directed perpendicular to the plane of the 2DEG. Fields up to 10 T were generated by a superconducting magnet, while higher fields were generated by the Amsterdam pulsed magnetic field facility (B max = 40 T). In the latter case experiments were carried out with the samples immersed in liquid helium, in order to prevent Joule heating. Shubnikov-de Haas data were obtained with the pulse magnet in the free decay mode, after ramping the field to the desired value. The total pulse duration amounts to 1 s. In order to investigate the photoconductivity, the samples could be illuminated with LEDs (wavelength λ equal to 650 or 920 nm) or with optic fibres in combination with filters. The filters used are an interference filter with λ= 791±8 nm and a silicon filter (λ> 1120 nm). The bandgap of GaAs equals 1.52 eV at T= 4.2 K (λ= 815 nm).
III. Results
In this section we present the experimental results obtained on four different Sn δ-doped GaAs samples: two heavily doped samples (labelled V1 and V2) and two lightly doped samples (labelled V3 and N1). These samples may be considered as representative for our photoconductivity study. The electron density which defines the boundary between the heavily and lightly doped samples is approximately 2×10 13 cm -2 . The vicinal samples V1-3 have been characterized by magnetotransport experiments reported in Ref. 5 , while the characterization of the singular sample N1 has been reported in Ref. 2 . We did not observe differences in the photoconductivity for the || and ⊥ configurations. Therefore we present the results for
We first present the time dependence of the resistivity, ρ xx (t), under continuous illumination with light tuned at λ= 791 or λ> 1120 nm, at T= 4.2 K as measured for samples V1 and V3. For the lightly doped sample V3 PPPC is observed for both wavelengths. For the heavily doped sample V1 the photoconductivity is first positive, but changes sign after ~30 s for λ= 791 nm, while NPPC is observed for λ> 1120 nm throughout. Thus in the heavily doped sample both PPPC and NPPC can be induced, however, for the longer illumination times NPPC always dominates.
In Figs.2-3 we present the temperature dependence of the resistivity ρ xx (T) for T= 4.2-300 K. The data were obtained as follows. First ρ xx (T) was measured in the dark state while lowering the temperature (solid lines). At T= 4.2 K the sample was illuminated by light with λ= 791 or λ> 1120 nm till the resistivity reached a constant value, except in the case of the heavily doped samples and λ= 791 nm, where illumination stopped after ~10 s when the minimum value of ρ xx was attained (see ρ(t) data of sample V1 in Fig.1 ). Next ρ xx (T) was measured by raising the temperature at a rate of 3 K/min (dotted lines for λ= 791 nm, dashed lines for λ> 1120 nm). For T> 200 K the difference between ρ xx (T) before and after illumination was always negligible. Values of ρ xx at T= 4.2 K before and after illumination are collected in Table I .
In Fig.2 and Fig.3 we show the data, obtained in this way, for the heavily and lightly doped samples, respectively. For the incident wavelength λ= 791 nm, i.e. smaller than the band-gap wavelength, we observe for all samples a decrease in resistivity. The relative resistivity decrease, (ρ dark -ρ ill )/ρ dark , is larger when the electron concentration is lower. However, for the incident wavelength λ> 1120 nm, the photoconductivity effects for the lightly and heavily doped samples are distinctly different. For the lightly doped samples PPPC is observed. In the case of sample N1 the effect is very similar to illumination with λ= 791 nm (Fig.3a, compare the dashed and dotted lines), while in the case of sample V3 the effect is reduced, compared to illumination with λ= 791 nm (Fig.3b compare dashed and dotted lines) . For the heavily doped samples NPPC is observed. The effect persists up to ~ 40 K and ~120 K, for samples V1 and V2, respectively. Above these threshold temperatures the photoconductivity is again positive and ρ xx (T) almost coincides with the values obtained after illumination with λ= 791 nm.
For all the samples we have measured ρ xy (B) at T= 4.2 K, before and after (except N1) illumination. The resulting electron densities, n H , calculated from the low-field Hall constant, and the corresponding electron mobilities, µ H , have been collected in Table I . For one heavily and one lightly doped sample (V1 and V3), the Shubnikov-de Haas signals and the corresponding Fourier transforms are shown in Fig.4 and Fig.5 , respectively. In these figures the solid lines present the data obtained in the dark state, while the dashed lines give the results for an incident wavelength of 650 nm (V1) and 791 nm (V3). The dotted lines give the results for λ> 1120 nm (V1) and λ= 920nm (V3). From the positions of the peaks in the Fourier transform we have determined the electron density, n SdH , of the different electron subbands (see Refs.2,5). The total electron density is calculated by summing over all the subbands, Σn SdH , and is listed in Table I . The agreement between Σn SdH and n H is quite satisfactory. In the case of PPPC there is almost no change in the peak positions of the Fourier transforms before and after illumination. However, in the case of NPPC (heavily doped samples) a clear increase in the SdH frequencies is observed (see dashed line in Fig.4b for data on sample V1), which indicates a considerable increase in the electron density. The Hall density n H of the heavily doped samples does not show any significant changes after illumination, however, it increases after illumination for the lightly doped sample V3. From the data in Table I we conclude that the resistivity changes mainly depend on the electron mobility µ H . For illumination by light with short wavelengths µ H increases, while for long wavelengths µ H decreases.
IV. Discussion
The overall behavior of ρ xx (T) measured in the dark state indicates the presence of at least two scattering mechanisms. At low temperatures scattering at ionized impurities dominates, which results in a negative dρ/dT, while scattering at phonons (dρ/dT> 0) dominates at higher temperatures (except for the sample N1 with the lowest electron density). For T< 4.2 K quantum corrections to the conductivity yield an additional small contribution to ρ xx (T) with a negative dρ/dT< 0, as inferred from the observed negative magnetoresistance, i.e. the suppression of weak localization by a magnetic field.
Our discussion of the photoconductivity effects in the δ-doped GaAs structures consists of two parts. The PPPC is attributed to photo-excitation of electrons from the valence to the conduction band and to the excitation of electrons from the Cr donor states, while the NPPC is attributed to the ionisation of the Sn deep donor atoms, the DX centres.
A. Positive persistent photoconductivity
In δ-doped materials, the creation of electrons and holes under illumination by light with a wavelength greater than the bandgap results in electrons moving to the δ-layer and holes moving to the substrate or being captured by acceptors. Capturing of holes reduces the amount of ionised acceptors and, therefore, the mobility increases. The capturing process, together with the spatial separation of electrons and holes, leads to a flattening of the energy bands in the buffer layer and substrate. This in turn influences the width of the potential well for the confined electrons and especially the electron wave functions in the higher electron subbands, which become broader. As a result, scattering at ionised impurities in the δ-layer becomes weaker and the mobility increases 18 . Photo-excitation of electrons from the valence to the conduction band can not take place for incident light with an energy smaller than the bandgap. We argue that in this case, PPPC is attributed to the ionisation of donor atoms in the material. The most likely donor atom, responsible for the PPPC, is the Cr impurity present in the substrate. The dominant chromium level in GaAs lies 0.89 eV above the top of the valence band 19 . Thus for all wavelengths used in our experiments, electrons can be excited from this donor state to the conduction band. These excitations influence the bandstructure as well, which leads to an increase in mobility in the higher electron subbands, similarly to the effect of the spatial separation of photo-excited electron and holes.
The differences between the effects of long-wavelength and short-wavelength illumination are relatively small for sample V3 and almost negligible for sample N1 (see Fig.2 ). From this we conclude that the ionisation of the Cr donor state is the most important contribution to the photoconductivity process in these lightly doped samples. The thickness of the buffer layer amounts to 240 nm for sample N1 and to 450 nm for sample V3. Thus in sample N1 light of all wavelengths can easily reach the substrate and excite the Cr donor atom. This explains why there is almost no difference between the effects of long-wavelength and short-wavelength illumination in sample N1. For the thicker buffer layer (sample V3) differences start to appear.
In Fig.6 we show the conductivity of sample V3 as function of time, σ(t), after illumination with light with λ= 791 nm and λ> 1120 nm, at T= 4.2 K and 77 K. Relaxation of the PPPC obeys a logarithmic time dependence 20 which can be expressed in the following way:
For the short wavelength λ= 791 nm we find a time constant τ = 19 s and 23 s at 77 K and 4.2 K, respectively, while for the long wavelength λ> 1120 nm we arrive at τ= 68 s and several minutes at 77 K and 4.2 K, respectively. This logarithmic relaxation process confirms that the persistency of the PPPC is due to charge separation 20 . The observed PPPC is characterized by relatively long relaxation times, which is in agreement with spatial separation of the electrons and holes. Because of the charge separation an electric field builds up in the buffer layer, which affects the bandstructure. This effect leads to a flattening of the energy bands in the buffer layer. In this case, the potential difference ∆V is equal to the energy difference between the Cr level in the substrate and the conduction band energy, ∆V= 0.63 eV. The effect of the electric field is analogous to charging a parallel plate capacitor. The additional carrier concentration ∆n due to complete ionisation of the donor atoms can be estimated from the following relation 21 :
where ε 0 is the permittivity of free space, ε r the relative permittivity of GaAs and e is the electron charge. In eq.2 d is the thickness of the buffer layer, i.e. the distance between the delta layer and the substrate. With this simple model the increase in density after illumination for sample V3 with d= 450 nm is estimated at ∆n= 9.6×10 10 cm -2 , while a comparable value 1.0×10 11 cm -2 results from the SdH data (see Table I ). The increase is small (~1%) compared to the total electron density. For sample N1 we cannot make this comparison, because the Hall resistance or SdH data were not measured after illumination.
B. Negative persistent photoconductivity
In heavily doped GaAs DX centres are populated 11, 12 . We attribute the NPPC effect, observed in our heavily Sn δ-doped samples V1 and V2, to the ionisation of the DX centres, which leads to a substantial increase in the electron subband density n SdH, after long-wavelength illumination. Ionisation of DX centres is confirmed by the persistency of the NPPC effect. The higher resistivity after illumination is the result of a combination of a density increase and a mobility decrease. The mobility decrease can be explained in two different ways, depending on the electronic state of the DX centre. A first explanation is offered by the d + /DX 0 model 8, 9 ( For our δ-doped samples, we can not discriminate between these two models, partly because the microscopic understanding of the DX centres in our structures is lacking. Within the first model, the DX 0 centres are ionised. Ionisation leads to an increase of the electron density of 6 and 13% for sample V1 and V2, respectively. Concurrently, the mobility decreases because the amount of ionised impurities increases. Thus the scattering at ionised impurities becomes stronger, which apparently dominates the transport properties and results in NPPC. In the second model the DX centre is formed by a negatively charged localised state occupied by two electrons. Coulomb interactions, between positively charged shallow donors and negatively charged DX centres, lead to a correlation in the distribution of charged impurities, which in turn reduces electron scattering. For a slow cool down of the samples the distribution of DX centres is in thermodynamic equilibrium, which leads to a correlated state. Photoionisation of the DX centres at low temperatures is a random process, which destroys the correlation and therefore the mobility decreases. This effect is observed in heavily doped n-type GaAs 23 . Also, numerical studies of the electron mobility show the importance of spatial correlations in the distribution of charged impurities 24 . The ρ xx (T) data of samples V1 and V2 (see Fig.2 ) clearly reveal two different threshold temperatures for quenching of the NPPC. In the case of sample V1, the effect persists up tõ 40 K, while for 40 K< T < 120 K, a small difference with the data obtained after illumination with λ= 791 nm remains. In the case of sample V2, the effect persists up tõ 120 K. Our results indicate that there are at least two deep donor-levels involved in the NPPC of our Sn δ-doped GaAs structures. The threshold temperature of 40 K is close to the value of 60 K found in Sn doped AlGaAs samples 25 . In AlGaAs doped with Sn Huang et al. 26 reported (by using deep levels transient spectroscopy down to liquid nitrogen temperatures) threshold temperatures of 120 and 170K, which were attributed to two different DX centres. This indicates that there are at least three different DX centres in Sn doped AlGaAs. The same conclusion was reached by Chadi 27 for Sn donors in GaAs and AlGaAs alloys by carrying out self-consistent pseudopotential calculations.
For 120 K < T < 180 K the resistivity data for both incident wavelengths, greater and smaller than the bandgap (λ= 815 nm), show an identical positive photoconductivity. The PPPC present for λ> 815 nm is undoubtedly also present for T< 120 K, but at these temperatures NPPC dominates. For T> 180 K the ρ xx (T) data in dark and after illumination are the same. We conclude that above this temperature the charge separation mechanism responsible for the PPPC effect is not effective anymore.
V. Conclusions
We have carried out a magnetotransport study of photoconductivity effects in GaAs structures δ-doped by Sn. For the heavily doped structures (n H > 2×10 13 cm -2 ) we observe both PPPC and NPPC depending on the wavelength of the incident light. For λ< 815 nm, i.e. smaller than the band gap wavelength of the host material GaAs, the photoconductivity is positive and accompanied by rather small increases in electron density and mobility. For λ> 815 nm the photoconductivity is negative, in which case a substantial increase in electron density together with a substantial decrease in mobility is observed. The density increase is attributed to the ionisation of DX centres, which is confirmed by the persistency of the photoconductivity effect. A possible explanation for the mobility decrease is a reduction in the spatial correlation of the charged impurities upon illumination. This explanation however relies on the presence of negatively charged DX centres occupied by two electrons. Although negative U centres are observed in many systems, their presence has not been established for our δ-doped structures yet. For the lightly doped samples (n H < 2×10 13 cm -2 ) the observed photoconductivity effect was always positive. An explanation of the PPPC effect for incident light with λ> 815 nm is offered by the excitation of electrons from Cr impurity states in the substrate. For λ< 815 nm in addition the excitation of electron over the band gap of GaAs contributes to the PPPC. The long relaxation times measured are consistent with a PPPC effect caused by a charge separation mechanism. Figure 6 
